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A central issue in the quest to understand the
superconductivity in cuprates is the nature and
origin of the pseudogap state, which harbours
anomalous electronic states such as Fermi arc,
charge density wave (CDW), and d-wave super-
conductivity [1]. A fundamentally important,
but long-standing controversial problem has been
whether the pseudogap state is a distinct thermo-
dynamic phase characterized by broken symme-
tries below the onset temperature T ∗. Electronic
nematicity, a fourfold (C4) rotational symmetry
breaking, has emerged as a key feature inside the
pseudogap regime [2–5], but the presence or ab-
sence of a nematic phase transition and its re-
lationship to the pseudogap remain unresolved.
Here we report thermodynamic measurements of
magnetic torque in the underdoped regime of or-
thorhombic YBa2Cu3Oy with a field rotating in
the CuO2 plane, which allow us to quantify mag-
netic anisotropy with exceptionally high preci-
sion. Upon entering the pseudogap regime, the
in-plane anisotropy of magnetic susceptibility in-
creases after exhibiting a distinct kink at T ∗.
Our doping dependence analysis reveals that this
anisotropy is preserved below T ∗ even in the limit
where the effect of orthorhombicity is eliminated.
In addition, the excess in-plane anisotropy data
show a remarkable scaling behaviour with respect
to T/T ∗ in a wide doping range. These results
provide thermodynamic evidence that the pseu-
dogap onset is associated with a second-order ne-
matic phase transition, which is distinct from the
CDW transition that accompanies translational
symmetry breaking [6–13]. This suggests that
nematic fluctuations near the pseudogap phase
boundary have a potential link to the strange
metallic behaviour in the normal state, out of
which high-Tc superconductivity emerges.
Nematicity has been widely discussed in cuprates and
one of its mechanism is the onset of a stripe-type CDW
order parameter which generally breaks rotation symme-
try as well as translation symmetry with a nonzero wave
number Q 6= 0 [6–17]. In Bi2Sr2CaCu2O8+δ (BSCCO),
the scanning tunneling microscope (STM) experiments
at low temperatures report an electronic state, consisting
of short-range CDW of unidirectional (one-dimensional,
1D) type with the period of ∼ 4a0, where a0 is the
Cu-O-Cu distance [18, 19]. This nano-stripe structure
persists even well above the superconducting transition
temperature Tc [20]. In YBa2Cu3Oy (YBCO), the short-
range CDW order forms a dome-shaped boundary inside
the pseudogap regime [9, 10]. Resonant X-ray scattering
(RXS) experiments in YBCO report that the CDW is of
unidirectional type with the periodicity of ∼ 3a0 [8]. In
both BSCCO and YBCO, the CDW forms domains with
the size of ∼ 3 nm in zero field, inside which the C4 sym-
metry of the unit cell is strongly broken. In contrast to
such CDW orders, the nematicity may also be caused by
an instability without breaking translational symmetry,
characterized by Q = 0.
The measurement of the magnetic torque has a very
high sensitivity for detecting magnetic anisotropy. The
torque τ=µ0VM× H is a thermodynamic quantity, a
differential of the free energy with respect to angular dis-
placement. Here µ0 is the permeability of vacuum, V is
the sample volume, andM is the magnetization induced
by the external magnetic field H . When H is rotated
within the ab-plane, τ is a periodic function of double the
azimuthal angle φ measured from the a axis (Fig. 1a):
τ2φ =
1
2
µ0H
2[(χaa − χbb) sin 2φ− 2χab cos 2φ], (1)
where the susceptibility tensor χij is given by Mi =
ΣjχijHj . In a system with a tetragonal symmetry, τ2φ
should be zero. When C4 symmetry is broken, a nonzero
τ2φ appears as a result of χaa 6= χbb and/or χab 6= 0
depending on the orthorhombicity direction.
Figure 1b displays typical curves of magnetic torque
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FIG. 1. In-plane torque magnetometry in YBCO sin-
gle crystals. a, Schematic representations of the experimen-
tal configuration for torque measurements under in-plane field
rotation. An untwinned single-crystalline sample of YBCO is
mounted on the piezo-resistive lever which forms an electri-
cal bridge circuit with the neighbouring reference lever. b,
Typical curves of magnetic torque τ in YBCO (p ∼ 0.13) as
a function of the azimuthal angle φ from the a axis. The
field of µ0H = 7T is applied within the ab plane with the
misalignment less than 0.1◦. c, Schematic view of the CuO2
plane. Because of the orthorhombic crystal structure sta-
bilized by CuO chains (‖ b axis ) lying between the CuO2
bilayers, χaa > χbb.
measured as a function of φ. All the curves are per-
fectly sinusoidal. In the temperature range shown here,
oscillations are proportional to sin 2φ with positive sign,
indicating χaa > χbb and χab = 0 (Fig. 1c). Figures 2a,
b, and c depict the amplitude of in-plane anisotropy of
the susceptibility, ∆χ‖ ≡ χaa − χbb, at µ0H = 7T for
underdoped YBCO with Tc = 60, 70, and 90K (hole
concentration p ≈ 0.11, 0.13, and 0.15), respectively.
In all the crystals, as the temperature is lowered, ∆χ‖
gradually decreases and increases rapidly after exhibit-
ing a distinct kink at T = Tτ . Since the average of uni-
form susceptibilities χaa and χbb is also temperature de-
pendent, we introduce a dimensionless order parameter
η ≡ (χaa − χbb)/(χaa + χbb), a diagonal component of a
nematic traceless symmetric tensor in two spatial dimen-
sions, to discuss the nematicity properly (see Figs. 2d, e,
f). Above Tτ , η(T ) is nearly temperature independent,
indicating that the uniform susceptibility causes the weak
temperature dependence of ∆χ‖ above Tτ . Below Tτ ,
η(T ) increases with a slightly concave curvature.
Figure 3 displays the temperature-doping phase dia-
gram of YBCO. Obviously Tτ coincides well with the
pseudogap temperature T ∗ determined by various other
probes. In what follows, we identify Tτ as the pseudogap
onset temperature T ∗, i.e. Tτ = T
∗. The kink anomaly
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FIG. 2. In-plane anisotropy of the magnetic sus-
ceptibility for underdoped YBCO with different hole
doping levels. a, b, c, Temperature dependence of the
in-plane anisotropy of the magnetic susceptibility, ∆χ‖ =
χaa − χbb, determined from the torque curves for under-
doped YBCO with hole concentration p ≈ 0.11, 0.13, and
0.15. For all crystals, ∆χ‖ gradually decreases down to Tτ
and increases rapidly below Tτ after exhibiting a kink at
Tτ . d, e, f, Temperature dependence of the order param-
eter η ≡ (χaa − χbb)/(χaa + χbb) for p ≈ 0.11, 0.13 and 0.15.
Above Tτ , η(T ) is temperature independent while it shows a
steep increases below Tτ . In sharp contrast to the anomaly
at Tτ , no discernible anomaly is observed at CDW transition
temperature TCDW. The background anisotropy due to the
crystal orthorhombicity, η(Tτ ), increases rapidly with p.
in the temperature dependence of ∆χ‖ is usually an indi-
cation of a second-order phase transition. However, the
C4 symmetry is already broken due to the orthorhombic
crystal structure with 1D CuO chains in YBCO, and thus
no further rotational symmetry breaking is expected. In-
deed, η(T ) is finite even above T ∗ for all the samples
(Figs. 2d, e, and f), confirming that the orthorhombic
structure generally leads to anisotropic magnetic suscep-
tibility. We note that the magnitude of η(T ∗) increases
with hole doping, which may be explained by the in-
creased crystal orthorhombicity through the oxidization
of CuO chains with doping.
Disentangling an intrinsic electronic nematicity in the
CuO2 planes from extrinsic effects due to crystal or-
thorhombicity has been a vexing issue particularly in
YBCO. It should be stressed that the doping dependence
of η(T ) enables us to examine the nematicity in the limit
where the effect of orthorhombicity is removed. Since
η(T ) is temperature independent above T ∗, η(T ∗) repre-
sents the background anisotropy stemmed from the crys-
tal orthorhombicity. To eliminate this background con-
tribution, we introduce the excess nematicity below T ∗,
∆η(T ) ≡ η(T )− η(T ∗), and plot it as a function of back-
ground anisotropy η(T ∗) (Fig. 4a). As shown by the solid
lines, ∆η(T ) is nearly proportional to η(T ∗). Obviously
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FIG. 3. Temperature-doping phase diagram of YBCO.
The phase diagram contains at least four different ordered
phases, including antiferromagnetism (gray), superconduc-
tivity (yellow), CDW (pink) and pseudogap (blue) regimes.
Pseudogap line (dashed line) at T ∗ marks the boundary be-
tween the strange metal and even more anomalous regimes.
Red circles represent the second-order nematic transition tem-
perature Tτ determined by the present in-plane torque mag-
netometry. For comparison, the pseudogap temperatures de-
termined by other probes are also plotted. Purple circles, or-
ange triangles and blue circles are T ∗ reported by ultrasound
spectroscopy [25], polarized neutron scattering [27, 28], and
Nernst coefficient [22], respectively. Magenta triangles rep-
resent the formation temperature of the short range CDW,
TCDW, reported by resonant X-ray measurements [9, 10].
Green circles are the temperature below which the time rever-
sal symmetry is broken, reported by the polar Kerr effect [29].
the solid lines have finite intercepts, indicating that even
when the crystal orthorhombicity is removed, nematic-
ity remains finite below T ∗; i.e. spontaneous C4 rota-
tional symmetry breaking in the pseudogap state. This
result, along with the kink anomaly of the in-plane torque
(Figs. 2a, b, and c), provides evidence for a second-order
phase transition at T ∗ in the CuO2 planes of YBCO.
The second-order nematic phase transition at T ∗ is fur-
ther supported by the scaling property of the nematicity
for crystals with various hole concentrations. Although
T ∗ and η(T ∗) have both strong doping dependence, the
excess anisotropy ∆η(T ) exhibits a good scaling be-
haviour when plotting as a function of T/T ∗. Figure 4b
depicts ∆η(T ) normalized by the value at T = 0.7T ∗
vs. T/T ∗. All the curves collapse into a single curve
in a wide temperature range. Moreover, the data in the
limit of no background anisotropy (Fig. 4a) lie on the
same curve. It is well known that the genuine second
order phase transitions do not occur in the presence of
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FIG. 4. Induced nematicity and the scaling be-
haviour. a, The excess anisotropy below T ∗, ∆η(T ) ≡
η(T ) − η(T ∗), of YBCO with different hole concentrations
p, plotted as a function of the background anisotropy η(T ∗)
at different values of T/T ∗. The solid lines represent the lin-
ear fit for ∆η(T ) at each T/T ∗. The magenta symbols show
the induced nematicity in the limit of η(T ∗)→ 0. b, The ex-
cess anisotropy ∆η(T ) normalized by the value at T/T ∗ = 0.7
plotted as a function of T/T ∗. All the data collapse into a
universal curve, indicating a scaling relation.
external symmetry-breaking field and the kink-type tem-
perature dependence of order parameters will be smeared
out. However, if the external field is small enough, the
kink behaviours are only modified slightly near the tran-
sition points, and scaling properties should prevail. In
the present case, the crystal orthorhombicity in YBCO
is the external symmetry-breaking field. At the same
time, the orthorhombic distortion would be helpful to
prevent the formation of microscopic domains with or-
thogonal nematic directions, and thus quite important
for the twofold nematic signals to be observed in the
bulk measurements [22]. The data collapse into the uni-
versal curve in Fig. 4b indicates that the influence of the
background anisotropy on the nematic order parameter
is small except in the vicinity of T ∗. This supports that
the crystal orthorhombicity is a small perturbation on
the second-order transition and reinforces our analysis of
background subtraction. The characteristic super-linear
temperature dependence of ∆η(T ) appears at the onset of
the nematicity. If one interprets the temperature depen-
dence with the critical exponent β, ∆η(T ) ∝ (T ∗ − T )β,
then the critical exponent shows large deviations from all
known results of two dimensional nematic transitions, for
example ones of mean-field (β = 1/2) and the 2D Ising
model (β = 1/8). Thus, the super-linear dependence in-
dicates the nematic transition at T ∗ is in a very different
universality class and calls for further theoretical investi-
gation including scenarios of composite order parameters
with randomness and doped spin liquids [23, 24]
Although the second-order phase transition at T ∗ has
been suggested by several experiments, it is far from set-
tled. Resonant ultrasound spectroscopy experiments re-
4port the critical slowing down behaviour in the ultra-
sound absorption as T ∗ is approached [25], but a different
interpretation without critical phenomena has been pro-
posed [26]. The polarized neutron scattering experiments
report the time reversal symmetry breaking (TRSB) with
appearance of magnetic moment at T ∗, which has been
interpreted as the circulating current loops within the
CuO2 unit cell [27, 28]. However, the polar Kerr effect
measurements report that the TRSB temperature is sig-
nificantly different from T ∗ [29]. The enhancement of
in-plane anisotropy of the Nernst coefficient at T ∗ has
been reported [22], but more recent results have shown
that such an enhancement is much more pronounced be-
low TCDW rather than T
∗ [30]. These results are in
sharp contrast to our torque experiments in which no dis-
cernible anomalies are observed at TCDW. Recent RXS
experiments report the appearance of orthogonal CDW
domains with Q1 ≈ (1/3, 0, L) and Q2 ≈ (0, 1/3, L) [8].
Our results suggest that the effective cancellation of the
nematicity occurs due to nearly equal numbers of these
CDW domains. We also point out that no anomaly in
η(T ) is expected at TCDW when the CDW is of bidi-
rectional type (checkerboard) [13, 15], which preserves
rotational symmetry, is formed.
Our results indicate that the pseudogap state is an
electronic nematic phase. The phase diagram of hole-
dope cuprate superconductors (Fig. 3) then include at
least 4 different ordered phases; antiferromagnetic, su-
perconducting, CDW, and pseudogap phases, which are
characterized by broken time, gauge, translational, and
rotational symmetries, respectively. No anomalies with
Q 6= 0 have been reported by various types of diffraction
measurements at T ∗. Therefore the observed nematic
transition at the pseudogap line is most likely to be at-
tributed to a ferro-type instability with Q = 0.
Angle-resolved photoemission spectroscopy (ARPES)
experiments in BSCCO and related compounds revealed
the Fermi arc where the Fermi surface is partially dis-
appeared in the pseudogap state [21]. Yet, important
questions still remain, for instance, the link between
the nematic transition and Fermi arc formation and
the interplay between pseudogap and CDW. Whether a
quantum critical point (QCP) is present inside the su-
perconducting dome has been a hotly debated issue in
cuprates [1, 25, 26]. The presence of QCP has been sug-
gested by the quantum oscillations and ARPES measure-
ments at around p ≈ 0.18 - 0.20 [13, 21]. The iden-
tification of the pseudogap temperature as the critical
temperature of a second-order Q = 0 nematic transition
favours the QCP scenario; i.e. the extension of the pseu-
dogap temperature to T → 0 suggests a nematic QCP.
The second-order nature of the phase transition line, in
general, implies the presence of critical fluctuations near
the transition line, and in an extended regime around the
QCP one may expect significant quantum critical fluctu-
ations. Hence it is tempting to consider that the nematic
quantum fluctuations influence the superconductivity as
well as the strange metallic behaviour in the normal state
of cuprates.
METHODS
Materials. High-quality single crystals of YBCO were
grown by the self-flux method using a Y2O3 crucible [31].
In the present study we used naturally untwinned single
crystals which were carefully selected under a polarized
microscope. The oxygen concentration was controlled by
annealing the crystals at high temperatures under oxy-
gen or nitrogen flow atmosphere [32]. The superconduct-
ing transition temperature Tc was characterized by the
magnetization measurements. The crystals exhibit sharp
superconducting transitions [32] with the Tc determined
as the midpoint at 60, 70, and 90 K for p ≈ 0.11, 0.13,
and 0.15, respectively. First-order vortex-lattice melting
transition, which can be seen only in clean and homoge-
neous single crystals, is clearly observed in the crystals
prepared by the same method [33–35], indicating the high
quality of our crystals. For each crystal, the directions of
the a and b axes were determined by X-ray diffraction.
Torque magnetometry. Magnetic torque is measured
by the piezo-resistive micro-cantilever technique, which is
a very sensitive probe of magnetic anisotropy [36–39]. In
this method, an isotropic Curie contribution from impu-
rity spins is cancelled out [38]. Carefully selected single
crystals with typical dimensions of 250×250×50 µm3 are
used in the torque measurements. The in-plane and out-
of-plane anisotropies of the magnetic susceptibilities can
be measured depending on the geometry of the sample,
which is mounted on the lever.
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